Abstract -Devices based on GaN have shown great promise for high power electronics, including their potential use as radiation tolerant components. An important step to realizing high power diodes is the design and implementation of an edge termination to mitigate field crowding, which can lead to premature breakdown. However, little is known about the effects of radiation on edge termination functionality. We experimentally examine the effects of proton irradiation on multiple field ring edge terminations in high power vertical GaN PIN diodes using in operando imaging with electron beam induced current (EBIC). We find that exposure to proton irradiation influences field spreading in the edge termination as well as carrier transport near the anode. By using depth-dependent EBIC measurements of hole diffusion length in homoepitaxial n-GaN we demonstrate that the carrier transport effect is due to a reduction in hole diffusion length following proton irradiation.
junction edges where field crowding can lead to premature breakdown. This optimization depends sensitively on carrier concentration, ring spacing, and surface charges and rarely considers the influence of irradiation. Since proton irradiation generally reduces free carrier concentration by forming defects that act as compensating traps and recombination centers, a change in edge termination performance may occur with irradiation, but the specific effects remain an open question.
Directly measuring lateral field spreading in edge terminations has not been common, since it requires the use of techniques with high spatial resolution that are sensitive to the local electric field. Steady-state beaminduced current methods are qualitatively sensitive to internal electric field magnitudes in the presence of field-induced charge multiplication [8] [9] [10] , and electron-beam-induced current (EBIC) [9] , [10] has superior spatial resolution compared to optical-beam-induced current (OBIC) [8] , [11] [12] [13] , or ion-beam-induced current (IBIC) [14] , [15] .
In this study, we examine high power vertical GaN pin diodes with edge terminations consisting of multiple field rings. We expose devices to 2.5 MeV protons at fluences up to 4×10 13 protons/cm 2 and image the lateral electric field profile with EBIC. We find that proton irradiation influences edge termination behavior, including field spreading and carrier transport. The impact on carrier transport originates from a reduction in hole diffusion length with increasing proton irradiation, as demonstrated with additional experiments on homoepitaxial n-GaN. Fig. 1a illustrates a vertical GaN pin diode undergoing an EBIC measurement. Additional details on the diodes used in this work can be found in [1] and [6] . In brief, the device structures were grown by metal-organic chemical vapor deposition (MOCVD) on bulk, native GaN substrates. The low-doped, n-type drift layer was obtained using silane as the source of the Si dopant. The 0.4 µm p-type layer was doped with Mg, at an atomic concentration of 10 19 cm −3 Mg, giving a free-carrier hole concentration of 10 17 cm −3 [1] , [16] . The top electrode was formed by a Pd/Pt-based metallization scheme, and Al was used as the backside n − contact. SiN x was used as a surface passivation layer. The edge termination consists of field rings whereby nitrogen (N + ) was selectively implanted into patterned regions of the Mg-doped, p + layer in order to create compensated regions [17] . A series of compensated rings were formed, resulting in a series of p-type field rings surrounding the anode, as shown schematically in Fig. 1 and to scale in Fig. 3 .
II. EXPERIMENTAL DETAILS
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In EBIC measurements, a focused electron beam (e-beam) in a scanning electron microscope (SEM) generates a region of electron-hole pairs (e-h pairs) within a sample. For the 15 keV accelerating voltage used in this work, the electron range is ∼800 nm, so carriers are injected near the junction. The spacecharge region (SCR) separates e-h pairs, and the resulting current is recorded as the e-beam is scanned over the sample. Simultaneously, secondary electrons (SEs) are also collected. Fig. 1b shows SE and EBIC images of the device anode under high reverse bias, V R . Several p-type field rings in the edge termination are apparent as bright rings in the EBIC image. The metal contact is sufficiently thick to prevent a collection of EBIC when the e-beam is scanned over the anode. We perform our EBIC measurements in an FEI/Philips XL30s FEG SEM with electrical feedthroughs in the vacuum chamber to apply bias and record current with a Keithley 2657a source-measure unit. A custom-built, high voltage probe was used to contact the top electrode, while the bottom electrode was contacted through the sample holder.
Several similar diodes with pre-irradiation breakdown voltages of ∼1600 V were irradiated at the Ion Beam Laboratory at Sandia National Laboratories. Devices were exposed to 2.5 MeV protons while unbiased, with proton fluences ranging from 3 × 10 12 to 4 × 10 13 protons/cm 2 . No post-irradiation annealing was performed. As we observed previously [6] , the shape of the reverse I -V curves was not significantly altered following proton irradiation, but the breakdown voltage decreased monotonically (see Fig. 2 ). At a fluence of 4 × 10 13 protons/cm 2 , we found a decline in breakdown voltage of ∼23%. Previously, we determined that breakdown occurs through impact-ionization-induced avalanche [6] .
III. EBIC MEASUREMENT RESULTS
ON IRRADIATED DIODES Fig. 3 shows measured EBIC values as the e-beam is scanned in a line across the multiple field ring structure from the anode to the outer field rings. EBIC line scans are shown for a range of reverse biases from 0 to 1.1 kV, on similar devices exposed to proton fluences from 3 × 10 12 to 4 × 10 13 protons/cm 2 . For ease of comparison, any non-zero baseline in the EBIC signal due to device leakage has been subtracted. An SE image of an unbiased device, overlaid with a cross-sectional diagram of the edge termination structure is shown below and scaled to match the EBIC line scans for reference.
The EBIC data has a peak near the edge of the anode, which we designate as d = 0 µm and call the anode peak. With increasing bias, the fields spread further from the anode into the multiple field ring structures as the SCR expands laterally and combines with the local SCRs of the field rings, referred to as lateral punch-through. The undulations in EBIC magnitude correspond to the p-rings. Increasing EBIC magnitude with increasing bias at a given lateral position indicates increasing field-induced charge multiplication. At high bias and low irradiation, the EBIC magnitude in the outer rings even exceeds that of the anode peak. Furthermore, charge multiplication is evident in the p-rings, since the EBIC magnitude increases with bias voltage, but not near the anode, indicating that high fields are present within the edge termination. An optimal edge termination would evenly distribute field peaks at the anode and within the edge termination [3] , [8] , suggesting that the as-fabricated edge termination was not ideal.
The as-fabricated devices, as well as devices exposed to low doses of proton radiation, spread fields out to the 8th p-ring. The N-implanted intrinsic region width increases between the 8th and 9th p-rings, and this larger spacing could inhibit lateral punch-through of the space-charge region to the 9th ring. At higher proton doses, fields spread beyond the 8th p-ring, likely due to a sufficient lowering of the carrier concentration in the drift region at high proton doses. A more intrinsic drift region allows for greater SCR widths. Following lateral punchthrough to the 9th ring, EBIC magnitudes throughout the edge termination are lowered because the field is distributed over a greater distance. The spread in EBIC magnitude with bias at a given lateral position is also reduced, indicating less carrier multiplication, and thus lower field magnitude. The apparent improvement in edge termination performance along with a reduction in breakdown voltage with irradiation suggests that the impact of proton irradiation on edge termination performance is not limiting in these devices. Other mechanisms such as breakdown under the contact and radiation-induced defects may explain the reduction in breakdown voltage [18] .
The EBIC magnitude at the anode peak is independent of bias, suggesting that the fields near the anode are not high enough for carrier multiplication (see Fig. 3 ). However, the anode peak magnitude does depend on radiation, decreasing monotonically with increasing fluence, as shown in Fig. 4a . Close to the contact, within a few diffusion lengths, the EBIC signal contains both drift and diffusion components, but far from the contact drift dominates. Carrier diffusion lengths in GaN are sub-micron [19] , so diffusion processes should only influence EBIC at the anode peak, which agrees with the observed behavior (see inset of Fig. 4a) . A decrease in anode peak with irradiation therefore suggests a decrease in Fig. 3 .
EBIC line scans from the anode to the outer field rings for several similar devices exposed to 2.5 MeV proton irradiation with fluences ranging from 3 × 10 12 to 4 × 10 13 protons/cm 2 . EBIC scans were collected while devices were under reverse bias ranging from 0 to 1.1 kV. A top-down SE image of an unbiased device, overlaid with a cross-sectional diagram of the edge-termination structure with implanted intrinsic zones, i, is shown for reference.
carrier diffusion length. Proton irradiation creates traps and recombination centers that lead to lower carrier diffusion lengths in GaN [20] .
To further quantify the change in diffusion length, we measured the hole diffusion length in homoepitaxial n-GaN before and after proton irradiation with depth-dependent EBIC [19] . An 8 µm layer of unintentionally doped GaN was grown by MOCVD on a free-standing GaN substrate grown by hydride vapor phase epitaxy (HVPE). The resulting GaN layer had low threading dislocation density (∼ 1 × 10 6 cm −2 ) and was doped n-type with a carrier concentration ∼ 1.5 × 10 16 cm −3 , comparable to the n − region in the pin diode. An array of thin Schottky contacts (∼ 100µm × 200 µm × 15 nm thick) was formed by evaporating Ni, and indium was used for the ohmic contact. To measure the hole diffusion length, we injected e-h pairs directly under the Schottky contact and varied the injection depth by changing the e-beam accelerating voltage. This depth-dependent EBIC method has been shown to be more accurate for measuring sub-micrometer diffusion lengths than the more commonly used planar-collector approach [19] . We examined the same Schottky diodes before and after irradiation with 2.5 MeV protons at a fluence of 4 × 10 13 protons/cm 2 , and observed a 55% decrease in hole diffusion length from ∼290 nm to ∼132 nm (see Fig. 4b ). Even though EBIC in pin diodes depends on both electron and hole transport, a large reduction in hole diffusion length with irradiation suggests that the observed decrease in anode EBIC peak magnitude (∼55%, see Fig. 4a ) is due to a reduction in carrier diffusion. A decrease in anode peak height with dose is apparent, while far from the contact, where drift dominates, little change in the EBIC is observed. (b) To investigate irradiation effects on hole diffusion length, L, we perform depth-dependent EBIC measurements [19] on homoepitaxial n-GaN. Fits (lines) to our measured data (points) find that the hole diffusion length decreases 55% from ∼290 nm to ∼132 nm following irradiation with 4 × 10 13 protons/cm 2 .
IV. CONCLUSION
We examined a series of devices exposed to varying degrees of 2.5 MeV protons, up to fluences of 4 × 10 13 protons/cm 2 , and find that irradiation impacts field spreading in the edge termination, but not in a strictly negative way. Rather, our results suggest that irradiation increases lateral field spreading in the field rings, leading to more uniform field profiles. We hypothesize that radiation-induced defects lowered the carrier concentration in the drift region, enabling lateral punch-through beyond the 8th p-ring. This demonstrates the utility of EBIC for evaluating edge termination performance and for fabrication process optimization. The mechanism behind the observed decline in breakdown voltage with irradiation remains an open question, as our results suggest that edge termination performance is not the limiting factor.
We also observe a decrease in carrier diffusion length with irradiation, which appears as a decrease in EBIC magnitude near the contact where diffusion is relevant. We quantified the decrease in diffusion length by growing high-quality, homoepitaxial n-GaN and measuring the hole diffusion length before and after irradiation with 4 × 10 13 protons/cm 2 using depthdependent EBIC. We find a 55% decrease in hole diffusion length, consistent with our observed 55% decrease in EBIC anode peak in highly irradiated GaN pin diodes.
